ABSTRACT. The ability of Plasmodium coatneyi-infected red blood cells (IRBCs) to bind to C32 amelanotic melanoma cells was examined under static and physiologic flow conditions in vitro. Six blood samples obtained from P. coatneyi-infected Japanese macaques (Macaca fuscata) with severe manifestations of disease were used in the static adhesion assay. All blood samples constantly exhibited binding of IRBCs to C32 cells under static conditions. Immunofluorescence staining with anti-CD36 mAb revealed a positive reaction at the surface of C32 cells with the infected erythrocytes, while the reaction with C32 cells without IRBCs was negative. To further examine the specificity of the interaction between P. coatneyi-infected erythrocytes and C32 cells, we carried out the binding assay under physiological flow conditions. In flow adhesion assay, three blood samples were used. Adhesion and rolling of IRBCs on C32 cells were detected at several rates of shear stress under flow conditions. At a shear stress of 1.0 dyne/cm 2 , the number of IRBCs adherent to C32 cell averaged 5 to 6, and the number of IRBCs rolling on C32 cells averaged 6 to 11. The anti-CD36 mAb OKM5 inhibited 75-100% of IRBC adhesion and rolling, while the inhibitory effect of anti-ICAM-1 mAb 84H10 varied between 20-40%. The combination of anti-CD36 and anti-ICAM-1 mAb resulted in 83-100% inhibition of rolling and 100% inhibition of adhesion. These findings suggest that CD36 is one of the principal adhesion receptors of P. coatneyi-infected erythrocytes. Asexual-stage of Plasmodium falciparum induces the expression of malarial antigens on the membrane of infected erythrocyte, which causes infected cells to adhere to vascular endothelium and to uninfected erythrocytes [20] . This causes sequestration in capillaries and postcapillary venules, and leads to microvascular obstruction and consequent vital organ dysfunction. Therefore, the ability of infected red blood cell (IRBC) to bind to endothelial cells is thought to be a major factor in the virulence of falciparum malaria and to thereby contribute directly to the pathogenesis of severe human malaria [20] .
Asexual-stage of Plasmodium falciparum induces the expression of malarial antigens on the membrane of infected erythrocyte, which causes infected cells to adhere to vascular endothelium and to uninfected erythrocytes [20] . This causes sequestration in capillaries and postcapillary venules, and leads to microvascular obstruction and consequent vital organ dysfunction. Therefore, the ability of infected red blood cell (IRBC) to bind to endothelial cells is thought to be a major factor in the virulence of falciparum malaria and to thereby contribute directly to the pathogenesis of severe human malaria [20] .
Sequestration of IRBCs in microvessels is due to the binding of knob-associated molecules on the IRBCs to the adhesion molecules of endothelial cells [1] . Several adhesion molecules have been identified as potential mediators of IRBC cytoadherence. They are CD36 [3, 22] , intercellular adhesion molecule-1 (ICAM-1) [6, 22] , E-selectin [23] , P-selectin [17] , vascular cell adhesion molecule-1 (VCAM-1) [23] , thrombospondin (TSP) [24] , chondroitin sulfate A [25] , PECAM-1/CD31 [31] and the integrin α v β 3 [27] . On the other hand, some parasite proteins including Pf332 [34] , sequestrin [21] , rosettins [15] and P. falciparum erythrocyte membrane protein 1(PfEMP1) [5] have been proposed as ligands for adhesion of infected erythrocytes.
The interactions between the host receptor molecules and ligands of IRBC have been elucidated by immunohistochemical analysis of fatal cases [32] and in vitro binding assay under static [3, 6, 22, 23] and physiologic flow conditions [9, 17, 24, 35, 37] . In vitro assays for binding of P.
falciparum-infected erythrocytes have been developed using either purified proteins, such as ICAM-1 and CD36 [22] , or cultured cell lines, such as human umbilical vein endothelial cells (HUVECs) and C32 amelanotic melanoma cells [26, 35] . The C32 amelanotic melanoma cell line in particular has been commonly used as an in vitro binding model for P. falciparum-infected erythrocytes. C32 cells express mainly P. falciparum-receptor CD36, but ICAM-1 is also detected on the surface. Several groups have investigated the adhesive properties of various wild isolates of P. falciparum by binding assay using C32 cells in vitro [8, 16] . These studies have found that ability to bind to C32 cells is shared by practically all isolates from falciparum malaria patients.
In some studies of the pathological mechanisms of falciparum malaria, nonhuman primate models have been used. They include rhesus monkey (Macaca mulatta) infected with P. coatneyi [2] or P. fragile [10] , Japanese macaque (M. fuscata) infected with P. coatneyi [18] and squirrel monkey (Saimiri sciureus) infected with P. falciparum [13] . Aikawa and others demonstrated that these infected monkeys produced IRBC sequestration in the microvessels that was similar to that in human falciparum malaria [2, 10, 18, 27] . Therefore, nonhuman primate models have been considered promising candidates for the assessment of severe human malaria. However, the ability of P. coatneyiinfected monkey erythrocytes to bind to cultured cell lines in vitro remains unknown.
In the present study, to elucidate the interactions between adhesion molecules and P. coatneyi-infected erythrocytes, we examined the ability of IRBCs from infected Japanese macaques to bind to C32 cells under static and physiologic flow conditions in vitro.
MATERIALS AND METHODS
C32 amelanotic melanoma cells: C32 amelanotic melanoma cells were obtained from American Type Culture Collection (Rockville, MD). The C32 cells were cultured in Eagle's minimal essential medium (Gibco BRL, Rockville, MD) supplemented with 10% fetal bovine serum, 0.1 mM non-essential amino acids (Gibco BRL, Rockville, MD), 100 U/ml penicillin and 100 µg/ml streptomycin. These cells were cultured in 25-cm 2 culture flasks (Becton-Dickinson, Lincoln Park, NJ) with medium.
Experimental animals: All of the six Japanese macaques used in this experiment (No. J-7, J-19, J-20, J-23, J-24 and J-27) were two or three years of age and second-generation offspring bred in captivity. The investigators adhered to the Guidelines for the Use of Experimental Animals authorized by the Japanese Association for Laboratory Animal Science. The monkeys were inoculated intravenously with about 1 × 10 8 frozen P. coatneyi-infected erythrocytes obtained from other infected Japanese macaques. P. coatneyi was provided by the Centers for Disease Control and Prevention (Atlanta, GA). The infected monkeys became moribund on the 11th day (J-7), 13th day (J-23) or 14th day (J-19, J-20, J-24 and J-27) after inoculation, when most of the parasites in the peripheral blood were in the early trophozoite stage, with 14.2 ± 2.3 % (mean ± SD) parasitemia.
Preparation of infected bloods for static adhesion assays: Whole blood samples were collected by venipuncture with a heparinized syringe on the 11th day (J-7), 13th day (J-23) or 14th day (J-19, J-20, J-24 and J-27) after infection. Erythrocytes were washed three times with serum-free RPMI 1640 medium and resuspended to 5% packed cell volume in RPMI 1640 supplemented with 10% heat-inactivated normal Japanese macaque serum, 100 U/ml penicillin and 100 µg/ml streptomycin. The infected blood suspensions were incubated for about 20-30hr at 37°C in a 5% CO 2 atmosphere. Blood suspension of normal, autologous erythrocytes (J-7) obtained during the preinfection period was also incubated as a negative control in the static adhesion assay.
Static adhesion assay: Six blood samples obtained from infected monkeys (J-7, J-19, J-20, J-23, J-24 and J-27) were used in the static adhesion assay. The C32 cell binding assay was carried out as described previously with some modifications [8, 16, 26] . C32 cells were subcultured at 5 × 10 4 /ml onto 12 mm-diameter circular coverslips precoated with collagen (IWAKI glass, Tokyo, Japan). After 48 hr, the coverslips were transferred into 24-well tissue culture plates (Becton-Dickinson, Lincoln Park, NJ) and washed twice with RPMI 1640 supplemented with 10% heat-inactivated normal Japanese monkey serum. The incubated blood suspensions at 0.1% hematocrit were added in 1 ml portions to each well. The assays were performed in quadruplicate.
The tissue culture plates were incubated for 1.5 hr at 37°C in an atmosphere of 5% CO 2 . Following incubation, two of the coverslips were washed three times in PBS, fixed with 1.0 % glutaraldehyde, and stained with Giemsa for 30 min. At least one hundred C32 cells were counted microscopically to determine the number of C32 cells that bound at least one IRBC and the number of adherent IRBCs per cell.
Scanning electron microscopy: For scanning electron microscopy, one coverslip in the static adhesion assay was washed three times in PBS, fixed with 1.0% glutaraldehyde, postfixed with 1% (w/v) osmium tetroxide for 1 hr and then dehydrated in a graded ethanol series and dried in a JEOL JFD-300 freeze-drier (JEOL, Tokyo, Japan). The coverslip was mounted on aluminum stubs, sputter-coated with gold, and observed and micrographed in a JOEL SC-630 (JEOL, Tokyo, Japan) scanning electron microscope.
Differential interference contrast (DIC) analyses and confocal laser scanning microscopy (CLSM):
One coverslip in the static adhesion assay was washed three times in PBS and then fixed with PLP solution for 1 hr at 4°C. The cells were washed twice with PBS, and stained with FITClabeled mouse anti-CD36 monoclonal antibody 20 µg/ml (IMMUNOTECH Inc., Westbrook, ME) and propidium iodide (Aldrich Chem. Co., Milwaukee, WI) for 30 min at room temperature. The stained cells were washed three times with PBS. The coverslip was mounted on a glass slide with mounting medium (Glycergel, DAKO Co., Carpinteria, CA). For DIC analyses and CLSM, the cells were examined with an OLYMPUS FV500 (OLYMPUS, Tokyo, Japan) confocal laser-scanning microscope with a kryptonargon laser.
Flow adhesion assay: Blood samples from three infected monkeys (J-19, J-20 and J-27) were used in the flow adhesion assay. For the flow adhesion assays, 5 × 10 5 C32 cells in 1 ml of supplemented medium were cultured on the inside of glass capillary tubes (Disposable microcaps, 1.05 mm interior diameter; Drummond Scientific Co., Broomall, PA). The cells were allowed to adhere for 6 to 12 hr at 37°C in a 5% CO 2 atmosphere. The capillary flow system used was described previously 28 . Briefly, a tube was attached to the end of a glass capillary tube, and the tube was connected to a syringe pump (TERUMO, Tokyo, Japan) fitted with a 50 ml syringe to establish laminar flow. The wall shear stress was calculated from Poiseuille's law for Newtonian fluids, with viscosity 0.01 P (at room temperature) [Wall shear stress in dynes/cm 2 =mean flow velocity (mm/s) × 8 / tube diameter (mm) × viscosity (P)] [9] . The capillary tube was mounted on an inverted microscope (OLYMPUS, Tokyo, Japan). Interaction of IRBCs with C32 cells was observed and videotaped for 3 min. In the flow system, IRBCs in RPMI 1640 were flown across monolayers in the capillary tubes using a syringe pump.
Inhibition tests of adhesion by monoclonal antibodies under flow conditions:
The following specific monoclonal antibodies (mAbs) were used in the studies: OKM5 (anti-CD36, Ortho Diagnostics System, Raritan, NJ) and 84H10 (anti-ICAM-1, Immunotech Inc., Westbrook, ME), which are known to inhibit IRBC adhesion [3, 22] . Mouse IgG1 was used as a control. Inhibition assays were performed using monolayers of C32 cells that had been preincubated with specific mAbs or mouse IgG1 at 20 µg/ml at 37°C for 60 min.
RESULTS

Development of intraerythrocytic parasites after incubation:
We used the incubated blood suspensions in all experiments. The early trophozoites in peripheral blood obtained from infected monkeys developed subsequently to late trophozoites or schizonts containing visible malarial pigment after incubation (Fig. 1) .
Static adhesion assay: Table 1 summarizes the results of static adhesion assay in this experiment. All blood samples constantly exhibited events of adhesion of IRBCs to C32 cells under static conditions (Fig. 2-A) . The number of C32 cells adhering to IRBCs was 62.3 ± 16.1 per 100 cells (mean ± SD), ranging from 44 to 84/100 cells, and the number of adherent IRBCs per cell was 4.6 ± 3.9 IRBCs, with a maximum of 41 IRBCs/cell ( Table 1 ). The static adhesion assay using uninfected erythrocyte of the same animal (J-7) revealed no cytoadherence to target cells.
Scanning electron microscopy revealed knob protrusions evenly distributed over the entire surface of adherent IRBCs (Fig. 2-B ). Higher magnification of the site of attachment revealed that interaction of the cultured cells with IRBCs was mediated by knob protrusions on the surface of the infected erythrocytes (data not shown).
DIC analyses revealed the binding of IRBCs to marginal areas of the C32 cells (Fig. 2-C) . Immunofluorescence staining with anti-CD36 mAb revealed positive reaction at the surface of C32 cells with the infected erythrocytes, while reaction of the C32 cells without IRBCs was negative (Fig.  2-D) .
Flow adhesion assay: Adhesion and rolling of IRBC on C32 cells were detected at several rates of shear stress. At a shear stress of 1.0 dyne/cm 2 , the number of adherent IRBCs adherent to C32 cell averaged 5 to 6 (Fig. 3) . When shear stress increased to 1.5 dynes/cm 2 , IRBC adherence decreased to 0 to 1 IRBC. The number of IRBCs rolling on C32 cell averaged 7 to 11 at 1.0 dyne/cm 2 . When the shear stress increased to 1.5 dynes/cm 2 , IRBCs rolling on C32 cells decreased to 1 to 3. Neither adhesion nor rolling of IRBC was detected at shear stresses above 2.0 dynes/cm 2 .
These results indicate that IRBC could roll and adhere to C32 cells in a shear stress-dependent fashion.
Inhibition tests of adhesion by monoclonal antibodies under flow conditions:
To further investigate the contribution of CD36 and ICAM-1 to the cytoadherence of IRBC to C32 cells under flow conditions, we studied the effect of receptor-specific mAbs on adhesion to the cells. At a shear stress of 1.0 dyne/cm 2 , the anti-CD36 mAb OKM5 inhibited 80-100% of IRBC adhesion and rolling on C32 cells, while the inhibitory effect of the anti-ICAM-1 mAb 84H10 varied between 20-40% (Fig. 4) . The combination of OKM5 and 84H10 resulted in 83-100% inhibition of rolling and 100% inhibition of adhesion to C32 cells. DISCUSSION P. coatneyi causes serious infection in experimental hosts such as rhesus monkey and Japanese macaque [2, 18] . These monkeys infected with P. coatneyi develop a fulminating acute infection with pronounced parasitemia and became moribund with severe manifestations such as tremors, vomiting, dyspnea, anemia, and hemoglobinuria. Histopathological examinations of tissues from the infected monkey have revealed sequestration events and cytoadherence associated with knobs on IRBCs to endothelial cells in cerebral microvessels and capillaries of major organs [2, Fig. 1 . Light micrograph of a Giemsa-stained thin smear of an infected blood suspension, showing development of intraerythrocytic parasites during incubation (× 1,000, Bar=10 µm). 18]. Moreover, rosette formation associated with P. coatneyi-infected erythrocytes in vitro has been identified [19, 30] . Therefore, sequestration events and rosette formation with P. coatneyi-infected erythrocytes have been considered major factors in the pathogenesis of severe manifestations in infected monkeys as in severe human malaria. Studies of the molecular basis of sequestration of P. falciparum-infected erythrocytes in vivo and in vitro have shown that adhesion of IRBCs is receptor-mediated due to the interaction of ligands on the erythrocyte membrane with host receptors such as CD36, TSP, and ICAM-1 [3, 6, 14, 22, 24, 32] . Aikawa and others have by immunohistochemical analysis demonstrated the presence of CD36, TSP, and ICAM-1 molecule on the endothelial cells in sequestered microvessels of rhesus monkeys infected with P. coatneyi [2] . These findings strongly suggest that the molecular mechanism responsible for the pathology of P. coatneyiinfected monkey is similar to those of severe falciparum malaria. In the present study, we showed that events of adhesion to CD36-expressing C32 cells in vitro similar to those with P. falciparum-infected erythrocytes occur with P. coatneyi-infected erythrocytes obtained from Japanese macaques with severe clinical signs. Therefore, our results support the previous finding in P. coatneyi-infected monkeys that CD36 is a major target receptor for cytoadherence of PRBCs in vivo.
Of the parasite molecules expressed on the surface of P. falciparum-infected erythrocytes, PfEMP-1 family antigens are the best known [5] . PfEMP-1s are a polymorphic group of high-molecular-weight trypsin-sensitive proteins, encoded by the var gene family; each parasite clone has approximatelly 60 var genes on all parasite chromosomes and is able to switch from one to another [12, 28, 29] . Variants of PfEMP-1 are capable of adherence to all the above endothelial cell receptors, and in particular the phenotype adhesive to CD36 is presumably the most highly conserved in this antigen [4] . Possibility exists that the parasite antigens similar to PfEMP-1 family are expressed on the surface of P. coatneyi-infected erythrocytes as demonstrated with P. falciparum-infected erythrocytes [11] . But parasite molecules expressed at the surface of P. coatneyi-infected monkey erythrocytes have been poorly described. Further studies are needed to clarify the surface-expressed parasite antigens of P. coatneyi-infected erythrocytes.
To further examine the specificity of the interaction between P. coatneyi-infected erythrocytes and the C32 cells, we carried out the binding assay under physiological flow conditions. The present study was performed at 1.0 to 2.5 dynes/cm 2 , which approximates the shear stress in capillaries and postvenules where cytoadherence occurs in vivo. The results indicated that IRBCs could roll and adhere to C32 cells in a shear-dependent fashion, and that these phenomena were inhibited by monoclonal antibody to surface receptors on the C32 cells. The inhibitory effect of anti-CD36 mAb OKM5 was greater than that of anti-ICAM-1 mAb 84H10. Furthermore, the combination of anti-CD36 and anti-ICAM-1 mAbs completely inhibited both rolling and adhesion of IRBC. These findings suggest that CD36 is the principal receptor for adherence, and that ICAM-1 may augment a role for CD36 as an adhesion receptor. Previous studies of the cytoadherence of P. falciparum-infected erythrocytes have shown that initial interaction at high wall shear stress may be of a rolling type, mediated by ICAM-1 or other receptors, with immobilization and stabilization occurring via CD36 [33, 37] . In fact, where shear rates are higher in vivo, an initial rolling event may be important in slowing cells enough to allow interactions with CD36.
In the present study, we found that adhesion events similar to those of P. falciparum-infected erythrocytes occur in vitro with P. coatneyi-infected erythrocytes obtained from Japanese macaques with severe clinical signs. These findings suggest that the P. coatneyi-infected Japanese macaque is a promising candidate for the study on cytoadherence of IRBCs in vitro as well as in vivo. We therefore conclude that our primate model may prove useful for future investigations of potential anti-adhensive agents, and can be adapted to screen for ability to inhibit or reverse cytoadherence. 
